One contribution of 14 to a theme issue 'Physics and chemistry of plasma-assisted combustion' . A simulation is developed to investigate the kinetics of nitric oxide (NO) formation in premixed methane/air combustion stabilized by nanosecondpulsed discharges. The simulation consists of two connected parts. The first part calculates the kinetics within the discharge while considering both plasma/combustion reactions and species diffusion, advection and thermal conduction to the surrounding flow. The second part calculates the kinetics of the overall flow after mixing the discharge flow with the surrounding flow to account for the effect that the discharge has on the overall kinetics. The simulation reveals that the discharge produces a significant amount of atomic oxygen (O) as a result of the high discharge temperature and dissociative quenching of excited state nitrogen by molecular oxygen. This atomic oxygen subsequently produces hydroxyl (OH) radicals. The fractions of these O and OH then undergo Zel'dovich reactions and are found to contribute to as much as 73% of the total NO that is produced. The post-discharge simulation shows that the NO survives within the flow once produced.
A simulation is developed to investigate the kinetics of nitric oxide (NO) formation in premixed methane/air combustion stabilized by nanosecondpulsed discharges. The simulation consists of two connected parts. The first part calculates the kinetics within the discharge while considering both plasma/combustion reactions and species diffusion, advection and thermal conduction to the surrounding flow. The second part calculates the kinetics of the overall flow after mixing the discharge flow with the surrounding flow to account for the effect that the discharge has on the overall kinetics. The simulation reveals that the discharge produces a significant amount of atomic oxygen (O) as a result of the high discharge temperature and dissociative quenching of excited state nitrogen by molecular oxygen. This atomic oxygen subsequently produces hydroxyl (OH) radicals. The fractions of these O and OH then undergo Zel'dovich reactions and are found to contribute to as much as 73% of the total NO that is produced. The post-discharge simulation shows that the NO survives within the flow once produced.
Introduction
Combustion has been the dominant energy resource for electricity generation and propulsion. However, as regulations on the emission of carbon dioxide and other pollutants become stricter, combustion will be . .
forced to move towards operation under fuel-lean conditions. While the relatively low-flame temperature associated with fuel-lean combustion suppresses the formation of nitric oxide (NO) and soot, the flame is rather unstable because of its lower intrinsic laminar flame speed. Many studies have been carried out on methods of stabilizing fuel-lean combustion. Conventional methods have used bluff bodies [1] and tangential flows [2] , creating stagnant flows that provide a longer flow residence time. Recently, non-equilibrium plasmas have been used for flame holding [3] . Among these non-equilibrium plasma sources, nanosecond-pulsed repetitive discharges have been used because of their effectiveness in creating high-density plasmas with a lower required power budget when compared with other types of plasmas [4] . Studies have shown that these discharges are effective in shortening ignition delay times [5, 6] and in flame holding [7] [8] [9] . This enhanced flame stability has been attributed to the production of radicals such as atomic oxygen (O) in significant amounts within the plasma [10] [11] [12] .
Although the reactive species that are formed in the plasma seem to contribute to flame stabilization, it is expected that these species can also participate in forming NO. Recent experimental studies [13] [14] [15] have reported that the level of NO that is formed in the plasma can be higher than that associated with the combustion process itself. They suggested that this is because molecular oxygen dissociates into atomic oxygen within the plasma and that these O radicals subsequently participate in NO formation through the Zel'dovich mechanism [16] , described by the following two reactions: The reaction of atomic nitrogen with the hydroxyl radical
is also known to contribute significantly to the overall NO formation and the three above reactions are often referred to as the extended Zel'dovich mechanism. While this reaction pathway for NO seems to be likely, we note that few studies have carried out detailed kinetic simulations of NO formation in plasma-assisted combustion configurations. As described here, we have carried out these kinetic simulations to quantify the relative contributions of plasma and combustion reactions to NO formation.
Simulations
A schematic of the simulated configuration is shown in figure 1 . We simulate conditions similar to that reported in a previous experimental study [15] . The pressure and temperature are 1 atm and 300 K, respectively, and methane is premixed with air at an equivalence ratio of φ = 0.55. Combustion is assumed to occur in a confined cylindrical channel (8 cm inner diameter), and the premixed inlet flow speed is 27.6 cm s −1 (e.g. a volume flow rate of 5 m 3 h −1 ). High-voltage pulses (5.3 kV peak voltage and 10 ns pulse width with a 3 ns rise-time and 4 ns fall-time) are applied at a frequency of 30 kHz between electrodes. The electrodes are horizontally oriented and vertically separated by 4 mm to form a vertically oriented discharge plasma (shown as the small vertical cylinder in figure 1 ). The discharge plasma tends to be filamentary under these conditions, and the diameter of the filamentary discharge is taken to be 400 µm, similar to the size of the luminous regions seen in the experiments.
The computation is conducted in two parts. In the first part of the simulation, the kinetics of the discharge is calculated for both constant volume and constant pressure conditions, considering species diffusion, advection and thermal conduction, which are all necessary because of its relatively small size. The discharge kinetics is expected to be bounded by that calculated assuming a constant volume (appropriate for times less than the gas dynamic expansion time), and that calculated assuming constant pressure (appropriate for longer times, as the discharge region expands as a result of the increased temperature with a cylindrical shape and its state is assumed to be spatially uniform. The diffusion and conduction processes occur with the surroundings through the side boundary, and advection occurs through the lower and upper boundary. We treat the surrounding flow to be completely combusted since the time between discharge pulses at this repetition rate is much shorter than the time which characterizes species diffusion and advection. The composition of this burnt co-flow is calculated prior to the simulation by letting the unburnt mixture react at an adiabatic flame temperature of 1574 K under conditions of constant pressure and temperature. Fresh unburnt gases from the inlet flow enter the discharge region through the lower boundary, and the burnt mixture exits through the upper boundary. In addition to the species kinetics, the species fluxes are also calculated to study the effect of the flow that exits the discharge region on the kinetics of the surrounding flow in the second part of the simulation. The second part of the simulation mixes the discharge flow with the bypassed surrounding flow. The mixing is assumed to occur instantaneously in time and the final mixture is assumed to be homogeneous. The computation is carried out in zero-dimensions and advanced until the species densities and temperature reach their steady-state values. The discharge simulation (assuming constant volume) solves the following energy and species conservation equations: 
By contrast, the constant pressure simulation solves the energy and species concentration equations given as
species,i n i
Since the discharge volume changes under conditions of constant pressure, the temporal change of discharge radius is described by dR dt = R species,iω2,i species,i n i
We assume that the discharge length is constant. In equations (2.1)-(2.8), n j and c j are the number density and mole fraction of species j, n total is the total number density, ν j , c v,j , c p,j , h f,j , u s,j and h s,j are the corresponding stoichiometric coefficients, heat capacity at constant volume, heat capacity at constant pressure, and formation enthalpy, and sensible internal energy and enthalpy. We note that we take h † s,j = h s,j if c j -c j,coflow > 0 otherwise h † s,j = h s,j,coflow , and n * j = n j and h * s,j = h s,j if V c > 0 otherwise n * j = n j,coflow and h * s,j = h s,j,coflow . k f and k b are the forward and reverse reaction rate coefficients, E is the electric field, T e is the electron temperature, T is the gas temperature, μ e is electron mobility, D j is the diffusion coefficient of species j, k is the thermal conductivity, and R and L are the effective lengths for diffusion (i.e. 200 µm) and advection (i.e. 4 mm), respectively. Finally, V c and V * adv are the local convection and advection velocities, calculated to satisfy
and
Here ρ is the gas density. In the simulation, the pulse generating circuit (a charging/discharging capacitor) is also considered when calculating the net electric field. We assume that a capacitor stores an energy W = 1 mJ and delivers a high voltage to the electrodes. As the current flows into the capacitor, the charges accumulate and determine the net applied voltage. 
Here V p is the programmed applied voltage, e is the electron charge and Z is the pulse generator output impedance, which is assumed to be 100 Ω. The charge accumulation (Q) and the timevarying capacitance (C pulser ) are expressed as
(2.14)
In addition to the computation of species densities and gas temperature, the species flux that exits the discharge volume is also calculated to allow us to investigate their effect on the kinetics of its surrounding flow.
The kinetic simulation for the post-discharge region solves the energy and species concentration equations
By assuming that the two streams are perfectly mixed, a zero-dimensional simulation can be carried out and since the mixing is taking place downstream of the plasma, we neglect plasma heating, diffusion and advection processes. Detailed kinetics for both plasma and combustion reactions are included in the simulation. GRI-MECH v. 3.0 [17] is used for premixed methane/air combustion. The plasma kinetic mechanism used in this study is systematically reduced from the one proposed by Kossyi et al. [18] for dry air and contains electron-impact excitation, dissociation, ionization of N 2 and O 2 , ion conversion, electron-ion recombination, quenching of excited states of N 2 (N * 2 ) by N 2 and O 2 , and other reactions between neutral species [19] . Since the discharge is in a combustible mixture, it will contain CH 4 , CO 2 and H 2 O as major components, and we include electronimpact dissociation, ionization of CH 4 , CO 2 and H 2 O, electron-ion recombination, and quenching of N * 2 by CH 4 and H 2 O. The complete plasma reaction mechanism is presented in table 1. The electron-impact cross sections for N 2 [20] [24] are taken from databases compiled from different sources. All rate coefficients except the electron-impact reactions are adopted from the previous literature [9, 17, 18, [25] [26] [27] [28] [29] , whereas the rate coefficients of the electron-impact reactions, electron mobility and electron temperature are calculated as a function of the reduced electric field (E/n) using the Bolsig+ software package [30] . 
time ( Thermodynamic properties of species (e.g. heat capacity and enthalpies) are calculated using the NASA polynomials complied by Burcat [31] instead of those included in the GRI-MECH v. 3 .0 because of a required range of discharge temperature.
Results (a) Results of discharge kinetic simulations
The computation is carried out for tens of discharge pulses to quasi-steady state for initial species densities and gas temperature. The time evolution of the electron density, gas temperature and electronically excited nitrogen (e.g. N *
2 ) densities within the discharge during a single discharge period are shown in figure 2 for both constant volume and constant pressure conditions. Under conditions of constant volume, the electron density and gas temperature peak at 4.6 × 10 15 cm −3 and 4500 K, respectively. N * 2 is also substantially produced because of the high electron density, reaching a peak number density of 1.38 × 10 17 cm −3 . The high electron and excited state densities and gas temperature are common for this type of discharge plasma, and similar levels had been reported from previous simulations and experimental studies [32] . The populations of electrons and N * 2 are quenched immediately following the voltage pulse. The electron quenching is mainly due to electron-ion recombination and the quenching of N * 2 is mainly due to collisions with neutral species. Similar trends for the electron and N * 2 densities, and temperature, are obtained for constant pressure conditions. However, the N * 2 densities are found to be lower for times more than 30 ns and the peak temperature is decreased by 400 K because of volume expansion of the discharge.
The time evolution of the number densities of major combustion species (CH 4 , O 2 , CO 2 and H 2 O) and of minor combustion species (CO, O, OH, N and NO) within the discharge during a single discharge period are shown in figure 3 . Under conditions of constant pressure, all of the species densities are decreased substantially as a result of discharge volume expansion. The kinetics is also slower compared with that of constant volume. Based on the constant pressure results, the concentration of methane remains relatively low as the timescale for the species advection is not short enough to refresh the discharge region with the unburnt mixture. Among the minor species, atomic oxygen (O) and hydroxyl (OH) radicals are produced in significant amounts. Their densities are found to reach 1.1 × 10 17 cm −3 and 9.5 × 10 16 cm −3 , respectively. A reaction path analysis revealed that there is a rapid production of O through dissociative quenching of N * 2 with O 2 , but the thermal decomposition of H 2 O and CO 2 as a result of the high discharge temperature plays an important role in determining the peak levels of O and OH densities under the studied conditions. The produced O and OH radicals then undergo either recombination to form CO 2 and H 2 O as the gas temperature decreases after the pulse or the extended Zel'dovich NO-forming reactions (see equations (1.1) and (1.2)). The level of nitric oxide (NO) is found to be high because of the high O and OH densities and temperature. Its peak density reaches 3.1 × 10 16 cm −3 . It is found that most of the produced NO (e.g. 73%) is attributed to the Zel'dovich reactions and the quenching of N 2 (A) with O (e.g. 27%) contributes to a majority of the rest. The high concentrations of these minor combustion species finally decrease as a result of species diffusion and advection towards the surrounding burnt flow. Since the concentrations of NO and other reactive species such as O, OH and N remain at levels that are higher within the discharge than in the surrounding flow, the diffusion and advection of these species into the surrounding flow may be important for the accurate prediction of NO formation. The flux of species from the discharge surfaces is first calculated and then this flow that exits the discharge is mixed with the surrounding burnt flow. The time evolution of a selection of minor combustion species (CO, O, OH, N and NO) with discharge simulations carried out under conditions of constant volume and constant pressure are shown in figure 4 . Immediately after mixing, the minor species densities are found to be higher than their steady-state values as the discharge supplies reactive species at much higher densities. The post-discharge flow reaches steady state within 10 ms with the NO density increasing only slightly during this time. This is expected since NO is hard to destroy once it is formed. The mole fraction of NO is found to be between 18 ppm (for the case of constant pressure) and 30 ppm (for the case of constant volume). This level of NO is much higher than that produced from just the combustion alone (e.g.<1 ppm). Although fuel-lean combustion is intended to reduce NO as it leads to a relatively low-flame temperature, it is found that the discharge can contribute in a substantial way to the production of NO. We find that the amount of NO that the discharge produces depends not only on the plasma reactions but also on the discharge temperature. Future work will study the NO formation for different discharge conditions.
Conclusion
A two-step kinetic simulation is carried out to identify reaction pathways that contribute most to NO formation in premixed fuel-lean plasma-assisted combustion. It is found that the plasma discharge produces significant amounts of atomic oxygen (O) and hydroxyl (OH) radicals. Although the dissociative quenching of electronically excited nitrogen (N * 2 ) contributes to the rapid production of O during the voltage pulse, the thermal decomposition of H 2 O and CO 2 determines the peak levels of produced O and OH densities. These O and OH then lead to form NO mostly through the extended Zel'dovich reactions. Given the flow and discharge conditions, the level of NO produced for the use of discharge is found to be substantial. Since the NO formation is sensitive to the discharge temperature, future work will study NO reactions over a range of discharge conditions. Competing interests. The authors declare that they have no competing interests. Funding. We received no funding for this study.
